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Abstract 
This paper investigates the traction coordinating control issue of the wheeled lunar rover with Rocker Bogie in rough 
terrain. Based on the improved exponential approach law, the algorithm of coordinating control is designed to 
optimize the traction force and minimize the slip ratio, including the velocity and normal force control and sliding 
mode control. Then the co-simulations between ADAMS and MATLAB/Simulink are carried out in order to validate 
the proposed algorithm. Simulation results for a wheeled rover traversing moon-like terrain slopes and ditches 
demonstrate the effectiveness of the proposed control algorithm and the mobility improvement. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction
The challenging terrain that lunar rovers traverse is very complex, so it is critical for lunar rovers to
maintain the appropriate traction. Substantial work has been done on traction control of passenger 
vehicles on flat roads by Kawabe[1]. This work is not applicable to low-speed, rough terrain rovers 
because in these rovers wheel slip is caused primarily by kinematics incompatibility or loose soil 
conditions, rather than wheel acceleration. Therefore, the influence of challenging terrain on the traction 
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control should be taken into consideration for lunar rover with low-speed. By minimizing the ratio of Ti/Ni,
the traction forces of wheels traverses in rough terrain are optimized [2-5] in order to improve the state of 
wheels fighting with each other. Slip-based traction control approach of a planetary rover that travels over 
natural rough terrain has been investigated by Kazuya Yoshida[6].
Based on the above analysis, in this paper, the traction coordinating control on the basis of kinematics 
and dynamics modeling is designed by combining the body velocity, the wheel load and sliding mode 
controller, which involves the kinematics and dynamics modeling. The proposed algorithm not only has 
the same effect with the reduction of function max (Ti/Ni) (enhance the traction force), but also solves the 
insufficient of traction force when the body traversing rough terrain. Finally, the co-simulations between 
ADAMS and MATLAB/Simulink are conducted and the analysis and validation of the proposed control 
algorithm have been done in two typical conditions. 
2. The Model of Lunar Rover 
2.1.  Wheel-Soil Interaction Model 
We assume that the entire wheel is stiff relative to the ground so that we can consider the wheel is rigid. 
Fig.1 shows the forces and torques acting on the single wheel of a lunar rover.  
Fig.1.  Forces and torques acting on a rigid wheel 
In Fig.1, M is the mass of the wheel, N is the normal force applied to the wheel, T is the traction torque 
applied to the wheel, R is the radius of the wheel, FH is the raw traction force of the wheel, FR is the 
motion resistance of the wheel.  
For each wheel, the net longitudinal force FDP is the difference between the raw traction force FH and
the motion resistance FR.The maximum net longitudinal force can be calculated as follows: 
( )DP w rc rb Hi RiF F F F F F= − + = −                                                                                                    
(1) 
The rolling resistance torque or friction torque Tr is as follows: 
* ( )cT R F F= +r r                                                                                                                             
(2) 
rb
where Fw is the soil thrust applied to the wheel rim, Frb is the resistance of terrain, Frc is the compaction 
resistance, FHi is the raw traction force of the wheel i, FRi is the motion resistance of the wheel i.  
2.2. Dynamics Model of Lunar Rover 
As a key variable to describe the state of the rover and perform control, the slip ratioλ  is defined as 
follows: 
                                                                             
(3) 
( ) / , ( ) ( ) / , (rw v rw rw v or rw v v rw vλ = − > − < )
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( )
where r is the radius of the wheel, w is the angular speed of the wheel, v is the traveling velocity of the 
wheel center. In this definition, the value of slip ratio is between -1 and 1.The slip ratio is positive for 
accelerating and negative for braking. 
The following dynamical equations can be listed from the force analysis for the rover model (bilateral 
symmetry) only considering the motion of longitudinal direction: 
H0 i Ri
i
m v F F
=
= −∑&                                                                                                                       
(4) 
( 1, 3, 5)iw i i riI w T T == −&                                                                                                                       
(5) 
where Iw is the wheel inertia, Ti is the wheel traction torque of wheel i, Tri is the rolling resistance torque 
of wheel i, 0 , m is the mass of the whole body. Bring the equation (4) and (5) into the derivation 
of the equation (3), we obtained the following equation: 
/ 2m m=
( , ) ( , ) *f v B v uλ λ λ= +&                                                                                                                     
(6) 
where 
1 2 3, ,
Tλ λ λ λ⎡ ⎤⎣ ⎦= , 1 2 3, , Tu T T T⎡ ⎤⎣ ⎦= , [ ]1 2 3( , ) ( , ), ( , ), ( , ) Tf v f v f v f vλ λ λ λ=
2
(1 )/ /i r wi
 .
1,2 ,3
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v r T I vλ− 2( , ) (1 )iB v rλ = −λ λ= − − ,  (i=1, 2, 3). /i Iλ wiv
3. Traction Coordinating Control Algorithm 
3.1. Design of Sliding Mode Controller 
According to the nonlinear characteristics of the system, the control of improved sliding mode is 
adopted. Select the average slip ratio as the control target. Assume the state error is i i ie λ λ= − , iλ is the 
desired state. The switching function is as follows: 
1 2i i i i is r e r e= + &                                                                                                                                    
(7) 
The average slip ratio is selected as the control target in order to control the slip ratio, which not only 
has the same effect with the reduction of function max (Ti/Ni),but also solves the insufficient of traction 
force when the body traversing rough terrain . If the slip ratio is too small, shows that the traction force T
is too small to traverse the ditches or slopes successfully. So it is necessary to increase the slip ratio for 
enhancing the ground traction force and improving the body trafficability in rough terrain. If the slip ratio 
is too high, indicates that the traction force T is too large based on the constant normal force N. Reduction 
of slip ratio causes the reduction of Ti/Ni preventing soil from failure. 
The equivalent control method is defined as  .Combining equations (7) and  results in: 0s =& 0s =&
 1 1 2 2 0i i i i i i i i is r r r rλ λ λ λ= − + − =& && &&& &                                                                                                      
(8) 
The improved exponential approach law has been adopted to design the controller: 
sgni i is s s kε= − −& s                                                                                                                           
(9) 
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where sgn(x) is the sign function. Substitution the derivation of equation (3) into equation (6) gives:
1 1( ( , ) ( , ) * )i i i i i i i i i i2 2s r f v B v u r r rλ λ λ λ= + − + −& &&& λ&&                                                                          
(10) 
From equations (9) and (10) the following equation can be derived: 
1 2 2 1
1
sgn( ) * ( , )
* ( , )
i i i i i i i i i i i
i
i i
s s ks r r r r f v
u
r B v
ε λ λ λ
λ
+ − + − +
= −
&&&& λ
                                                           
(11) 
where  ( >0) and k (k>0) are the control parameters. The sign function also should be replaced by the 
saturation function. and are weight coefficients. 
ε ε
1ir 2ir
As sgni i is s s ks ,
2 2 2( sgn ) /ss s s s ks s s s s ks s ksε ε ε= − − = − − = − − <&ε −= −& 0 , the proposed 
law meets the reaching condition ( ) of the sliding mode control. Then, the entire movement of the 
system is asymptotic stability. 
0ss <&
3.2. Motion Control of Lunar Rover  
Generally speaking, the optimal traveling velocity of lunar rover is about 200m/h regulated by a PID 
controller. Based on the observation that the maximum traction force a terrain can bear increases with 
increasing normal force, the bigger the normal force, the greater the traction torque exerted on the wheel. 
So the coefficient kn (Ni/Nm (i=1-6), Ni is the normal force of wheel i, Nm is the average normal force of six 
wheels) of normal forces is added to the velocity controller in order to make up the ignorance that the 
effect of normal force on the traction torque. The control output of PID controller is shown as Tv.
Fig.2 shows the block diagram of the traction coordinating control. 
     
Fig.2. Block diagram of traction coordinating control                                                      Fig.3. 3D simulation model of lunar rover    
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4. Simulation Analysis 
The 3D simulation model of the lunar rover is shown in Fig.3. The total mass of the model is 120kg. 
The simulation parameters of lunar soil are as follows: 
The sinkage coefficient n is 1, cohesion modulus of deformation kc is 1400N/mn+1, frictional modulus 
of deformation kϕ  is 820000 N/m
n+2, cohesion stress c is 170N/m2, soil internal friction angle φ is 35. 
Based on the ADAMS, the 3D simulation model of lunar rover is established. The ADAMS model can 
be described by adams_sub in the MATLAB. The communication between ADAMS and MATLAB can 
be realized by the state variables. 
Two sets of simulations are performed in order to validate the traction coordinating control algorithm. 
In the first simulation, the lunar rover was commanded to traverse a slope with a velocity of 200m/h.  






























Fig.4. (a) slip ratio curves of three wheels with only velocity-controlled algorithm;(b) with the proposed control algorithm  
With the only velocity-controlled algorithm, the normal force of front wheel was smaller than middle 
and rear wheels for the backward shift of body gravity, so the slip ratio of front wheel was the biggest, up 
to 60%, made the traction force of front wheel too large resulting in soil failure and increase of power 
consumption. Fig.4 a) shows the slip ratio curves of unilateral three wheels with only velocity-controlled 
algorithm. With the proposed control algorithm are shown in b), the slip ratios of three wheels are almost 
the same, eventually stabilized at 35%. 
The consumed power consumption can be compared by calculating and measuring the angular velocity 
w and the traction torque T applied to the wheel. The power consumption of three wheels is 123.1J with 
the proposed algorithm compared to 139.8J using the only velocity-controlled algorithm. Notably, the 
proposed traction control algorithm saves energy and improves the mobility of the lunar rover. 
In the second simulation, the lunar rover traversed a ditch with a velocity of 200m/h. Fig.5 shows the 
comparison of middle wheel’s slip ratio between two control algorithms. From the figure, we can see that 
the slippage can be controlled with the proposed algorithm, enhancing the body trafficability. In power 
consumption, the total energy consumed using the proposed control algorithm is 51.5J compared to 67.62J 
with the only velocity-controlled algorithm.  
Fig.5. Comparison of middle wheel’s slip ratio between two control algorithms 
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5. Conclusion 
In this paper, the traction coordinating control algorithm based on sliding mode controller has been 
presented based on the kinematics and dynamics analysis. The effectiveness of the proposed algorithm is 
validated by the co-simulation of ADAMS and MATLAB/Simulink. Simulation results for a wheeled 
rover traversing slopes and ditches demonstrate that the validity of the proposed algorithm can minimize 
the slip ratios, improve the mobility of body, reduce the mechanical wear and increase the service life. 
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